Retinal pigment epithelial (RPE) cells dedifferentiate and undergo epithelial-mesenchymal transition (EMT) following retinal detachment, playing a central role in formation of fibrous tissue on the detached retina and vitreous retraction (proliferative vitreoretinopathy (PVR)). We have developed a mouse model of subretinal fibrosis with implications for PVR in which retinal detachment is induced without direct damage to the RPE cells. Transforming growth factor-b (TGF-b) has long been implicated both in EMT of RPEs and the development of PVR. Using mice null for Smad3, a key signaling intermediate downstream of TGF-b and activin receptors, we show that Smad3 is essential for EMT of RPE cells induced by retinal detachment. De novo accumulation of fibrous tissue derived from multilayered RPE cells was seen following experimental retinal detachment in eyes of wild type, but not Smad3-null mice. Expression of a-smooth muscle actin, a hallmark of EMT in this cell type, and extracellular matrix components, lumican and collagen VI, were also not observed in eyes of Smad3-null mice. Our data show that induction of PDGF-BB by Smad3-dependent TGF-b signaling is likely an important secondary proliferative component of the disease process. The results suggest that blocking the Smad3 pathway might be beneficial in prevention/treatment of PVR.
Proliferative vitreoretinopathy (PVR) is one of the major complications of rhegmatogenous retinal detachment surgery and is characterized by the formation of scar-like fibrous tissue containing myofibroblasts derived from transdifferentiated retinal pigment epithelial (RPE) cells, as well as other cell types, such as glial cells, which have entered the vitreous and proliferated on both the anterior and posterior surfaces of the detached retina.
1,2 Such fibrocellular tissue may then contract the retina by a cell-mediated process and ultimately reduce the flexibility of the detached retina. 3 PVR, like many fibrotic responses, can be considered as an excessive wound healing process. It is the leading cause of failure of retinal detachment surgery and usually results in visual loss. RPE cells are activated upon becoming detached from the retina allowing them to disseminate into the subretinal fluid and to enter the vitreous cavity through the retinal tear. In this disease process, RPE cells then transdifferentiate to mesenchymal-like a-smooth muscle actin (aSMA)-positive cells, which produce extracellular matrix and contribute to the accumulation of fibrous scar tissue. 2, 4 PVR is the leading cause of failure of retinal detachment surgery and sometimes results in visual loss.
Transdifferentiation (or dedifferentiation) of RPE cells to an aSMA-positive phenotype is considered to be an example of epithelial-mesenchymal transition (EMT), a program of differentiation whereby cells lose their epithelial morphology and expression of epithelial markers such as E-cadherin, and assume a more mesenchymal-like morphology accompanied by expression of markers such as aSMA. 2, 5 Although various growth factors, including platelet-derived growth factor (PDGF), hepatocyte growth factor (HGF), connective tissue growth factor (CTGF), transforming growth factor-b (TGF-b), and another member of the TGF-b superfamily, activin, are all reportedly involved in the pathogenesis of PVR, [6] [7] [8] [9] [10] [11] we have focused on TGF-b, because of its correlation with disease severity 12 and its welldescribed effects on EMT of a variety of epithelial cell types. [13] [14] [15] [16] TGF-b2 is expressed at much higher levels than the other TGF-b isoforms in the vitreous humor 12, 17 and is a likely mediator of EMT in RPE cells in vivo, although the specific signaling pathways involved have not been identified. 5, 18, 19 Moreover, PDGF, TGF-b1 and CTGF are each known to be targets of TGF-b2 signaling, [20] [21] [22] [23] suggesting that TGFb2 could orchestrate the secondary effects of these other peptides on EMT and fibrosis in PVR.
Although TGF-b signals are mediated through multiple common pathways including mitogenactivated protein (MAP) kinases, Smad proteins are unique transducers of signals from the TGF-b family receptor serine-threonine kinases. [24] [25] [26] Receptor-activated Smad proteins, Smad2 and Smad3, are phosphorylated directly by the TGF-b type I receptor kinase (TbRI), partner with the common mediator, Smad4, and translocate to the nucleus where they play a prominent role in activation of TGF-bdependent gene targets. While it has been suggested that pathways other than the Smad pathway mediate effects of TGF-b on EMT, 13, 15, 27, 28 new data demonstrate conclusively that the Smad pathway, together with MAP kinase pathways, is required for EMT of cells by TGF-b. 29 , 30 Moreover, we have recently used Smad3 null mice 31 to demonstrate that EMT in lens epithelial cells in response to capsular injury and in renal tubular epithelial cells in response to injury induced by unilateral ureteral obstruction in vivo is dependent on Smad3 signaling. 32, 33 In these studies, we also showed that lens epithelial cells and renal tubular epithelial cells of Smad3-null mice also lack the ability to undergo EMT in vitro. Based on these findings, we hypothesized that a similar mechanism may be responsible for EMT in RPE cells, and that interference with Smad3 signaling would likely prevent RPE cells from forming the fibrous tissue characteristic of PVR in a model of retinal detachment.
To test this hypothesis, we have investigated the role of TGF-b and Smad3 signaling in EMT of RPE cells both in vivo and in vitro. We show for the first time that EMT of RPE cells post experimental retinal detachment in vivo is completely blocked in Smad3 ex8/ex8 (knockout (KO)) mice, as evidenced by the absence of expression of EMT markers including aSMA and lumican. Most importantly, the subsequent deposition of collagen and formation of fibrous tissue in the subretinal space seen in eyes of Smad3
(wild-type (WT)) littermates post retinal detachment does not occur in the absence of Smad3. To confirm these results and to test whether TGF-b could initiate these same changes in RPE, we show that TGF-b2 can induce EMT in primary porcine RPE cells and a human RPE cell line, 34 in association with Smad phosphorylation in vitro. We further show that TGF-b accelerates migration of ARPE-19 cells in vitro and induces expression of PDGF-BB, which may contribute to the enhanced proliferation of RPE cells and to expression of collagen type I, the major component of ECM of PVR. 35 Taken together, our results indicate that Smad3 signaling is required for EMT in RPE cells following retinal detachment and that inhibition of the Smad3 pathway might be desirable clinically to prevent PVR.
Materials and methods
All the experimental procedures were approved by Wakayama Medical University, Wakayama, Japan and by the Animal Care and Use Committee of the National Cancer Institute, National Institutes of Health, Bethesda, MD, and conducted in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Retinal Detachment Model in Mouse Eyes
Adult KO and WT mice (4-6-week-old, 37 KO and 43 WT mice) were anesthetized with an intraperitoneal injection of pentobarbital sodium (70 mg/kg). Procedures to induce retinal detachment in the right eye were performed under a surgical microscope after topical application of mydriatics and oxybuprocaine eyedrops. A linear incision was made in the cornea, keeping the limbus intact. The crystalline lens was carefully removed by using a forceps and the vitreous humor was excised, following which the peripheral retina was carefully broken mechanically with a gentle touch with a silicone rubber needle (Alcon Terry's needle). After adding 1.0% sodium hyaluronate to restore the eye shape, the corneal incision was sutured with 10-0 nylon strings at two sites. Ofloxacine ointment was instilled into the eye and the mice were allowed to heal for specific intervals up to 2 months. Our preliminary experiments showed that the retina becomes detached from the underlying pigment epithelium within 1 day of the surgical procedure. The left eye served as the uninjured control. Proliferating cells were labeled by an intraperitoneal injection of bromodeoxyuridine (BrdU) 2 h prior to killing the mice by CO 2 asphyxia and cervical dislocation; each eye was enucleated, fixed in 4% paraformaldehyde in 0. 
Wounding of the RPE Cell Layer in Organ-Cultured Mouse Globes
Both eyes were enucleated from WT and KO mice immediately after being killed as described above. Anterior eye segment structures (cornea and lens) and retina were carefully removed from the globe. After the RPE cell layer had been wounded by scraping using a silicone needle, the tissue was cultured in Eagle's medium supplemented with 10% fetal calf serum in the presence or absence of human recombinant TGF-b2 at 10 ng/ml for 24 or 48 h. The tissue was routinely fixed and embedded in paraffin as previously reported.
Histology and Immunohistochemistry
Sections (5 mm) were deparaffinized and stained with hematoxylin and eosin (HE) alone or with polyclonal antibodies against collagen type VI (1:100 dilution in PBS, Southern Biotechnology, Birmingham, AL, USA), rabbit polyclonal antilumican antibody (10 mg/ml), 36 mouse monoclonal anti-aSMA antibody (1:100 dilution in PBS, NeoMarker, Fremont, CA, USA), goat polyclonal anti-PDGF-B antibody (1:200 dilution in PBS, Santa Cruz), mouse monoclonal antiproliferating cell nuclear antigen (PCNA) antibody (1:100 dilution in PBS, Santa Cruz) or with nonimmune IgGs (control). After binding of fluorescence isothiocyanate-labeled secondary antibodies (1:100 dilution in PBS, Cappel ICN, Aurora, OH, USA), the specimens were observed under a fluorescence microscope followed by mounting with VectaShield for nuclear DAPI staining. For quantitation of PCNA-positive cells in vivo, cells counts were restricted a single section ( Â 40) of the posterior zone of the eye centered around the optic nerve head and representing approximately 901 of the circumference of the eye using computer imaging. For BrdU immunostaining, monoclonal anti-BrdU antibody (1:10 dilution in PBS; Boehringer Mannheim, Germany) was used. Deparaffinized sections were treated with 2 N HCl for 60 min at 371C and then processed for indirect immunostaining for BrdU. The antibody complex was visualized with 3,3 0 -diaminobenzidine as previously reported. 37 
EMT and Smad Phosphorylation in Primary Cultures of Porcine RPE Cells or ARPE-19 Cells
Cultures of primary porcine RPE cells were prepared by aspirating RPE layers from a hemisectioned pig eye after removing the retina by using a micropipette, and putting the aspirate in a 30-mm diameter collagen-coated plastic culture dish to allow the epithelial cells to outgrow. After reaching confluence, the cells were trypsinized, suspended in Dulbecco's modified Eagle's essential medium (DMEM) supplemented with 10% fetal calf serum, and seeded on fibronectin-coated chamber slides (Falcon, Becton Dickinson, Lincoln Park, NJ, USA) in the presence and absence of 10 ng/ml of porcine TGF-b2 (R&D systems Inc., Minneapolis, MN, USA). At 24-h culture intervals, the cells were fixed and immunostained for aSMA.
The ARPE-19 human RPE cell line (ATCC #CRL-2302) 34 was also used to assess effects of endogenous TGF-b2 on expression of aSMA and Smad3 activation as previously described. 32 Effects on migration were evaluated using a model of in vitro closure of a monolayer cell sheet in the presence or absence of TGF-b2 as previously reported. 38 
Production of PDGF, TGF-b1 and Collagen Type I in ARPE-19 Cells Treated with TGF-b2
Expression of PDGF-BB in ARPE-19 cells was assessed by Western blot of cell lysates using PDGF-B (H-55, Santa Cruz Biotechnology, Inc.). Enzyme-linked immunosorbent assays (ELISAs) for PDGF-BB, PDGF-AB and TGF-b1 (R&D Systems, Inc., Minneapolis, MN, USA) were used to determine the concentration of each peptide in the culture medium. ARPE-19 cells were grown in sixwell plates to near confluence and then cultured in 500 ml of serum-free DMEM/F-12 supplemented with antibiotics in the presence or absence of human recombinant TGF-b2 (1.0 ng/ml, R&D Systems, Inc., Minneapolis, MN, USA) for 48 or 96 h. Nine wells were prepared for each culture condition. Medium was processed for ELISAs for determination of the concentration of PDGF-BB and -AB according to the manufacturers' protocols. Medium (48 h) was also processed for the determination of TGF-b1 by an ELISA kit (R & D Systems, Minneapolis, MN). Type I collagen was quantified in medium and sonicated cell lysates (48 h) and processed for an ELISA system for type I collagen C-terminal peptide (PIP ELISA kit, Takara, Tokyo, Japan). Confluent cells grown on a chamber slides (Nalge Nunc, Naperville, IL, USA) were immunostained for collagen type I (1:100 dilution in PBS, Southern Biotechnology).
Measurement of Proliferation of ARPE-19 Cells
Effects of adding TGF-b2, PDGF-BB, and/or anti-PDGF-B-neutralizing antibody on proliferation of ARPE-19 cells were assessed using the MTT assay (TACS MTT Cell Proliferation Assay Kit, Trevigen, Gaithersburg, MD, USA) according to manufacturer's instruction. ARPE 19 cells suspended in DMEM/F-12 supplemented with 15% fetal calf serum (2 Â 10 4 /100 ml/well) were seeded in 96-well culture plates (eight wells for each condition). After 12 h, cells were changed to 100 ml serum-free culture medium and cultured for an additional 120 h supplemented with PDGF-BB (5.0 ng/ml) or TGFb2 (1.0 ng/ml), with either neutralizing anti-PDGF-B antibody (20 mg/ml) or nonimmune IgG (20 mg/ml) as control. At the end of each culture interval, MTT reagent (10 ml) was added to each well and the incubation continued for an additional 5 h at 371C. Optical density at 570 nm was measured 4 h after adding the lysis solution contained in the kit.
Results

Histology of RPE in Smad3-Knockout Mice Following Retinal Detachment In Vivo
Although several methods to induce retinal detachment in a mouse eye have been described, including transgenic expression of PDGF or VEGF 39, 40 or injection of substances into the subretinal space [41] [42] [43] [44] or into the vitreous, 45 none of them is appropriate to study EMT of RPE cells, as discussed in detail later.
To address a possible role for Smad3 in the pathogenic response of RPE cells to retinal detachment, we developed a new mouse model of retinal detachment based on a variation of a previously published model, 46 and examined responses in both KO mice and WT littermates as controls. 31 The histology of the uninjured retina and RPE cells in KO and WT eyes was indistinguishable (data not shown). Removal of the crystalline lens and total vitreous humor, followed by a single gentle touch to the peripheral retina by a silicone rubber needle, successfully induced retinal detachment in each mouse without damaging the underlying RPE layers and choroid plexus (Figure 1a , b). Injured eyes of KO and WT mice continued to exhibit a similar histology for the first 2 days postinjury (not shown), but differences were clearly apparent at times after Day 5. At Weeks 1-8 postretinal detachment, RPE cells in the posterior pole region became multilayered in WT eyes (Figure 1a , c, e, g), and took on a thinner, somewhat elongated morphology, whereas cells in KO eyes retained their monolayer organization (Figure 1b, d, f, h ). While multilayered proliferating cells could be observed in the peripheral area of both WT and KO eyes postretinal detachment (not shown), fibrous tissues containing multilatered RPEs were formed only in WT eyes and never in KO eyes throughout the healing period. Although it is likely that multilayered cells with pigmented cytoplasm seen in fibrous tissues represent RPEs that have undergone EMT, this cannot be determined from histological examination of HE-stained sections.
Expression of EMT Markers in Cells Following Retinal Detachment is Dependent on Smad3
Since the histology was suggestive of perturbed EMT, or fibroblastic dedifferentiation of RPE cells in KO eyes in response to retinal detachment, we examined whether expression of aSMA, that is considered to be a hallmark of EMT and of acquisition of a myofibroblast phenotype 5, 18, 19, 47 would also be reduced or absent in KO eyes. Regardless of the genotype, no aSMA protein was detected in uninjured RPE cells or in the first few days postretinal detachment (Figure 2a, b) . At Weeks 1-3, elongated, pigmented fibroblast-like multilayered cells under the detached retina, likely derived from RPE cells, were labeled by the antiaSMA antibody in WT mice (Figure 4c ), whereas monolayer RPE cells of KO mice, as well as monolayer cells in WT mice, were not labeled (Figure 2d ). At Weeks 4 and 8, prominent fibrous tissue strongly positive for aSMA could be seen focally in the posterior region of the pigment epithelial layer in WT mice (Figure 2e ), whereas intact RPE cells in the posterior region remained unstained in KO mice (Figure 2f ).
We also examined the expression patterns of lumican, considered to be another marker for EMT, 48 and collagen VI, a component of the pathogenic matrix. 49 Neither of these markers was detected in RPE cells of uninjured eyes of WT or KO mouse (Figure 3b, c) , whereas the basement membrane protein, laminin, was detected in Bruch's membrane and choroidal vessels (Figure 3a) , and lumican (Figure 3b) , and collagen VI (Figure 3c ), stained in the scleral matrix and in Bruch's membrane. Collagen VI was also detected in choridal blood vessels. At 1 week postretinal detachment, lumican and collagen VI were expressed in aSMA-positive, pigment-containing, multilayered fibroblast-like cells in WT eyes (Figure 3e , f), whereas they were not seen in RPEs in KO eyes (not shown). At this time point, immunolocalization of laminin was still restricted to Bruch's membrane in WT eyes ( Figure 3d ) and in KO eyes (not shown). At Week 8, laminin, lumican and collagen VI were all detected in the fibrous tissue formed under the detached retina in WT eyes (Figure 3g-i) , whereas they were not detected in intact RPE cells in KO mice at this same time point (Figure 3j-l) .
Injury-or TGF-b2-Induced EMT of RPE in Organ-Culture or Cell Culture
To further confirm the Smad3 dependence of EMT of RPE in response to injury, we employed another model involving organ-cultured posterior segments of mouse eyes scrape-wounded in vitro to mimic exposure to vitreous. Wounded WT pigment epithelium expresses aSMA faintly at 24 h (data not shown) and then clearly at 48 h with (data not shown) or without exogenous TGF-b2 (Figure 4aA ). In contrast, no aSMA-positive RPEs were detected in the wounded KO mouse eye in the presence (data not shown) or absence (Figure 4aB ) of exogenous TGF-b2 at the same time point.
To examine if this EMT depends on TGF-b2, which predominates in the eye aqueous and vitreous, we examined responses of RPE cells to exogenous TGFb2 in vitro. Primary porcine RPE cells express aSMA when cultured in the presence of TGF-b2 ( Figure  4bB ), but not in its absence (Figure 4bA ), in agreement with that shown previously. 5 Similar to that shown for primary human RPE cells, 19 a human RPE cell line, ARPE-19, 34 also exhibited a morphological change to a more fibroblastic appearance (Figure 4cB ) and showed clusters of aSMA-positive cells after treatment with TGF-b2 for 72 h (Figure 4cD ) as compared with cells incubated without TGF-b2 (Figure 4cA, C) . These data strongly suggest that the aSMA-positive cells in the retinal detachment model in vivo likely arise by EMT of RPEs.
Exogenous TGF-b2 or Injury Induces Smad Phosphorylation of RPE Cells In Vitro
Western blotting showed that Smads2/3 were phosphorylated within 30 min after exposure to TGF-b2 and remained activated throughout the interval examined up to 48 h, although the level of phosphorylation was less than that seen at 30 min-1h (Figure 5a ). To ascertain that the phosphorylated Loss of Smad3 blocks PVR in mice S Saika et al Smad3 translocated to the nucleus, indicative of activation of target gene expression, we analyzed these cells by immunofluorescence. Consistent with the kinetics of Smad phosphorylation, nuclear translocation of Smad3 was at its highest level 1 h after addition of TGF-b2 and was no longer detectable at 24 h (Figure 5b ). These findings suggest that cultured RPE cells can be induced to undergo EMT coincident with activation of the Smad pathway by TGF-b2. We then again used immunohistochemistry to examine if Smad3 might also be activated by wounding of RPE monolayer sheet, as might result from autoinduction of TGF-b ( Figure   5c ). Smad3 was detected in the cytoplasm, but not in the nuclei, of ARPE-19 cells immediately after wounding (time 0). At 1 h postwounding, faint immunofluorescence for Smad3 was seen in the nuclei of a few cells (arrowheads), which increased to maximal levels by 7 h postwounding, a time at which the cells were actively migrating into the wounded space. Similar activation and nuclear translocation of Smad3 has been observed in injured lens epithelial cells. 50 Addition of exogenous TGFb2 accelerated cell migration, resulting in closure of the defect by 12 h (Figure 5dD ), compared to 24 h for the untreated culture (Figure 5dE ). þ / þ (WT) and Smad3 ex8/ex8 (KO) mice. At 2 weeks postretinal detachment, elongated, multilayered, mesenchymal-like pigmented cells were labeled with anti-aSMA antibody (c) in WT eyes, whereas monolayer RPE cells of KO eyes (d) or WT eyes (not shown) were not labeled. At week 8 (e, f), prominent focal fibrous tissue including pigmented cells of a fibroblastic appearance in WT eyes were markedly positive for aSMA (e), whereas RPE cells in KO mice neither form cell multilayers in the posterior region nor express aSMA in pigment epithelial layer (f). Insets in frames c and e show higher magnification pictures of aSMA-expressing cells in the boxed areas. Immunofluorescence staining with DAPI nuclear staining: bar, 50 mm.
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Proliferating RPE Cells Express PDGF-BB in PVR Tissue Postretinal Detachment In Vivo
Histologically, RPE cells undergoing EMT in vivo in response to retinal detachment had a multilayered appearance suggestive of proliferation, despite the fact that TGF-b2, thought to be a key player in the pathogenesis of PVR, is known to inhibit the proliferation of RPE cells. 5 To identify and quantify proliferating cells in the RPE multilayer formed under the detached retina, tissues were immunostained with anti-PCNA antibody (Figure 6a Since PDGF-BB, a potent mitogen, has also been implicated in the pathogenesis of PVR both in mice 40, 41 and in humans, 6, 9 we examined if PDGF-BB could be detected in the RPE compartment postretinal detachment. Newly formed PVR tissue in WT mice containing fibroblast-like RPE cells was labeled with anti-PDGF-BB antibody at all times examined after Week 1 postretinal detachment (Figure 6cA ), while RPE cells in KO mice neither formed multilayers nor expressed PDGF-BB ( Figure  6cB ). PDGF was considered to accumulate in matrix of PVR tissue because collagens are known to be ligands for PDGF in tissue. 51 
Effects of TGF-b2 and PDGF on Cell Proliferation of ARPE-19 Cells
Since we showed that PDGF-BB was expressed in PVR tissue of WT mouse eyes in areas of cellular proliferation, but to a significantly lesser extent in RPE in KO eyes following retinal detachment, we examined if exogenous TGF-b2 also upregulates PDGF expression in ARPE-19 cells. Western blotting showed a time-dependent upregulation of PDGF-B protein expression beginning about 48-72 h after addition of TGF-b2 (Figure 7a ). This was confirmed by quantifying PDGF-BB and PDGF-AB in media of confluent cultures by an ELISA. Treatment of cells -i) , whereas they were not expressed in RPE cells in KO mice at these same time points (j-l). Immunofluorescence staining with DAPI nuclear staining: bar, 100 mm.
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with TGF-b2 increased the amounts of PDGF-BB protein secreted into the culture medium over twofold above that of control cultures (Figure 7b ). The concentration of PDGF-BB reached approximately 500 pg/ml in cultures treated with TGF-b2 for 96 h. Although the total amount of PDGF-AB secreted by ARPE-19 cells was much less as compared to that of PDGF-BB, its production was also significantly increased in the presence of TGF-b2. The crystal violet color reaction was used to show that there were no significant differences in the cell numbers among these cultures (data not shown).
Since RPE cells proliferate to form subretinal PVR-like tissue postretinal detachment in vivo, and since TGF-b2 inhibits the growth of most epithelial cells, we examined effects of TGF-b2 (1 ng/ml), PDGF-BB (5 ng/ml), and TGF-b2 plus anti-PDGF-B antibody (20 mg/ml) on cell proliferation in sparse, growing, cultures of ARPE-19 cells (Figure 7c ). The efficacy of the anti-PDGF-B antibody was confirmed in cultures containing both PDGF-BB and the neutralizing antibody in a 120 h culture. As expected, PDGF-BB enhanced and TGF-b2 inhibited the growth of the cells in a time-dependent manner as measured by the MTT assay. Addition of a PDGF-B neutralizing antibody to TGF-b2 culture resulted in further suppression of cell proliferation, suggesting that the time-dependent accumulation of endogenous PDGF-BB might counteract the growth inhibitory effects of exogenous TGF-b2.
ARPE-19 Cells Express TGF-b1 and Collagen Type I When Treated with TGF-b2
Treatment of ARPE-19 cells for 48 h with exogenous TGF-b2 caused a significant increase in expression of TGF-b1 (Figure 8a ). TGF-b-treated cells also show increased deposition of type I collagen as shown by both immunofluorescence and by quantifying in culture medium and cell lysate using an ELISA assay (Figure 8b, c) , suggesting that the Smad3-dependent deposition of collagen in the subretinal space postretinal detachment in vivo is likely also dependent on TGF-b2. It is still unclear whether the type I isoform of TGF-b is also important in PVR since we did not observe significant immunostaining for TGF-b1 in cell multilayers formed beneath the detached retina in WT mice (data not shown).
Discussion
In the present study, we have shown that dedifferentiation or EMT of RPE cells to a myofibroblast phenotype following retinal detachment is dependent on the presence of Smad3, a key cytoplasmic signal transducing element downstream of TGF-b superfamily receptors. Our data thereby strongly implicate activation of this particular pathway by TGF-b2, or possibly another member of the TGF-b superfamily, activin, which shares this same downstream mediator, in the pathogenesis of PVR (Figure 9 ). The exposure of WT RPE cells to subretinal fluid in a model of retinal detachment Loss of Smad3 blocks PVR in mice S Saika et al induced de novo expression of aSMA and other markers, including matrix components, leading ultimately to fibrosis, and thus modeling the key features of the human disease PVR. 2 This is consistent with our earlier report showing a correlation between levels of TGF-b2 in the vitreous and the degree of severity of PVR, 12 and with identification of activin both in PVR and as a product of RPE cells in vitro. 10, 52 To address the mechanisms contributing to dedifferentiation of resident RPE cells induced by retinal detachment, we developed a new model of retinal detachment in the mouse eye which results in separation of the neural retina from the underlying pigment epithelium without mechanical damage to the pigment epithelial layer. Although several models for retinal detachment have been used to identify pathogenic mechanisms that contribute to PVR, none of them were suitable for our purpose. For example, a commonly used model that has demonstrated roles for PDGF and the PDGFRa involves an injection of genetically engineered or normal conjunctival fibroblasts into the vitreous. [41] [42] [43] This model is based on study of effects of gene products of ectopic mesenchymal cells, presumably modeling fibroblast-like cells that might arise from dedifferentiation of RPE cells in the response to injury. As a result of this, it cannot be used to study the earlier stages of PVR dependent on dedifferentiation of resident RPE cells. Other models of PVR are based on transgenic mice in which overexpression of various growth factors in the photoreceptor cells leads to traction detachment of the retina. 39, 40 Again, these approaches are not suitable because forced alteration of the cytokine expression profile likely changes the response of RPE cells postretinal detachment. Similarly, induction of PVR by an intravitreal injection of dispase is likely to stimulate retinal glial cells to migrate toward the subretinal space, 45 thereby complicating analysis of the cellular origin of the fibrous tissue. So while each of these models provides insights into specific aspects of PVR, most of them represent an unlikely extreme that neither mimics the natural pattern of cytokine expression nor models the cellular origin of the fibrous tissue during the pathogenesis of PVR. The model we have used here has been modified from one originally described elsewhere. 46 A disadvantage of our model (Figure 9 ) is that the RPE cells are confined to the subretinal space and do not migrate into the vitreous as in PVR. However, this model does support analysis of both the initial events Loss of Smad3 blocks PVR in mice S Saika et al involved in activation and dedifferentiation of RPE cells to a mesenchymal phenotype and later events that lead to accumulation of ECM.
Using this model, we have shown that WT RPE cells appear to undergo a morphological transdifferentiation to fibroblast-like cells, while retaining expression of pigment in the cytoplasm following retinal detachment in vivo. These histological findings prompted us to hypothesize that these RPE cells are undergoing EMT. Indeed, the cells display all of the classic features of EMT including expression of aSMA, the hallmark of myofibroblasts, and lumican and collagen VI, components of the pathologic ECM. 49 None of these markers is detectable in RPE cells in eyes of Smad3 null mice postdetachment. Our in vivo results are supported by organ culture of injured WT and KO murine pigment epithelium in vitro and by data obtained with both primary porcine RPE cells and with a human RPE cell line, ARPE-19, 34 where treatment with TGF-b2 activated Smad signaling and induced expression of aSMA and collagen. Others have used electronimmunocytochemical techniques to conclude that fibroblast/fusiform-shaped cells seen in epiretinal membranes from PVR and in cultured human RPE cells treated with pathologic vitreous from PVR arise by dedifferentiation of RPE cells by the process of EMT.
2 Together these studies show that the mouse model induces similar transdifferentiation of RPE cells as seen in PVR, and implicates TGF-b2 in initiating these changes. Since both our in vivo data and organ-culture experiments showed these changes to be absent in eyes of mice lacking Smad3, these data implicate the Smad3 pathway in injuryinduced transdifferentiation or EMT of RPE cells, and ultimately in processes leading to fibrosis and traction detachment of the retina characteristic of PVR.
Recently, we have shown a similar requirement for Smad3 in injury-induced EMT of both lens epithelial cells and kidney tubular epithelial cells using mouse models of lens anterior capsular opacification and obstructive kidney disease, respectively. 32, 33 In the ocular lens, similar to what we report here in the pigment epithelium, the genera- Loss of Smad3 blocks PVR in mice S Saika et al tion of cells expressing lumican and aSMA postinjury has a stringent dependence on Smad3. 32 In each of these models, in vitro studies with lens epithelial cells and primary kidney tubular epithelial cells demonstrated that the effects of injury in vivo are recapitulated by treatment of cells with TGF-b in vitro, suggesting that injury induces activation of TGF-b, which then drives the fibrotic sequelae dependent on signaling through the Smad3 pathway. This implication of the Smad3 pathway as essential for injury-induced EMT is also supported by studies in NMuMg murine mammary epithelial cells, where use of a mutant TbRI unable to bind or activate Smad2/3 but still competent to signal through MAPK pathways, has shown that the Smad pathway is necessary but possibly not sufficient to effect EMT driven by TGF-b. 29, 30 Some of the cooperating pathways are likely to include phosphatidylinositol 3-kinase, RhoA, and MAPK pathways. 13, 15, 27, 28 While our data clearly implicate TGF-b/Smad3 signaling in EMT of RPE cells in vivo, and likely also in their migration postinjury, thought to contribute to the contractile properties fibrocellular membranes, 3 cytokines other than TGF-b probably contribute to the proliferative aspects of the disease. TGF-b is inhibitory to growth of RPE cells 5 and on epithelia in general. 53 Many lines of evidence suggest that PDGF, a mitogenic growth factor, might contribute to the proliferation of RPE cells postinjury. PDGF, like TGF-b2, has been implicated in PVR in vivo 6, 9, 40 and in accelerating transition of RPE cells in vitro. 47 Moreover, an in vitro model of the later contractile stages of PVR has shown that PDGF mediates the contractile effects of TGF-b on RPE cells. 22, 54 Our studies now show that TGF-b can induce synthesis and secretion of PDGF-BB and PDGF-AB in ARPE-19 cells, similar to its ability to induce synthesis of PDGF and activate PDGF receptors in a variety of other cells. 20, 21, 55 Importantly, this induction of PDGF by TGF-b has recently been demonstrated to be Smad3/4 dependent, 56 consistent with absence of PDGF-BB expression in the KO RPE cells postretinal detachment. The Smad3 dependence of PDGF-BB expression in vivo further suggests that its expression is dependent on TGF-b rather than a direct result of the injury. This is Figure 9c ). These data strengthen the argument that antagonists of Smad3 might be able to block the fibrogenic traction detachment of the retina not only at the level of TGF-b-mediated mesenchymal transition of RPE cells but also by blocking of expression of another key mediator of the disease process, PDGF.
In summary, we have shown that the hallmarks PVR-production of aSMA and pathogenic accumulation of extracellular matrix proteins that ultimately contribute to traction detachment of the retina-are completely blocked in mice lacking Smad3. This is a most important observation identifying for the first time a specific signaling pathway that might be an important new target for design of therapeutics against PVR and suggesting that interfering with Smad3 signaling may have clinical application in treatment of this devastating disease that can lead to blindness. Loss of Smad3 blocks PVR in mice S Saika et al
